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the sync rectifiers in a 
control-driven man- 
ner using the inverted 
control signals from 
the push-pull stage 
shown in Figure 2. 

The current-fed 
push-pull topology 
provides tighter volt- 
age cross regulation 
for multiple output 
applications. Unlike 
the forward and con- 
ventional push-pull 
topologies, which are 
also in the buck fami- 
ly, the current-fed ap- 
proach offers out- 
standing cross- regula- 
tion and transient 
properties at reduced 
cost and complexity. 
The individual induc- 
tor for each output in 
the forward topology 
causes mismatching 
on cross-regulation 
and tends to isolate the 
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FEEDBACK 

The buck-stage output of this cascaded half-bridge power converter is configured with an output 
inductor and a set of capacitors, which act both as an output capacitor for the buck stage and as 
voltage divide-by-2 for the half-bridge stage. 
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I The buck-stage output inductor in this cascaded, full-bridge power converter defines the approach as current-fed. 
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Figure 2 



from 55% (low line) 
to 28% (high line). 
The actual duty cy- 
cles would be a bit 
higher due to the 
switch-voltage drops, 
transformer resist- 
ance, and connection 
resistance. This duty- 
cycle range is com- 
fortable for the buck 
stage. Sufficient dy- 
namic range remains 
before the upper and 
lower duty-cycle lim- 
its, necessary for 
good transient re- 
sponse. 

A close examina- 
tion of the cascaded 
voltage-fed approach 
reveals that during 
the conversion pro- 
cess, the power is 
chopped and filtered 
twice. Two complete 
LC filters, the buck- 
stage output filter and the push-pull stage 
filter, accomplish the filtering. A simpli- 
fication can add several performance 
benefits. Only one complete LC filter is 
necessary, leading to the current-fed 
push-pull approach (Figure 2). In the fig- 
ure, the buck-stage output capacitor (Cj) 
and the push-pull stage inductor (L 2 ) 
have been removed to convert a voltage- 
fed converter into a current-fed push-pull 
converter. The approach is current- fed, 
because the push-pull stage now "feeds" 
directly from the buck inductor (current 
source). The transfer function and de- 
vice-voltage stresses are the same for the 
voltage- and current-fed converter. 

The push-and-pull switching devices 
each operate continuously, alternating at 
180° out of phase. For proper operation 
of a voltage-fed push-pull stage, the ac- 
tual duty cycle needs to be slightly less 
than 50%, so that both switches are nev- 
er simultaneously on during transitions. 
If both switches are simultaneously on, 
excessive current will flow from the buck- 
stage output capacitor. 

For proper operation of a current-fed 
push-pull stage, the push-pull duty cycles 
need to be slightly greater than 50%, cre- 
ating a small overlap time in which both 
switching devices are on. Power to the 
push-pull stage is in the form of a cur- 
rent-fed current source formed by L,. 
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In this current-fed, cascaded buck and push-pull power converter, which offers a favorable topol- 
ogy for multiple-output converters, the push and pull outputs operate continuously, alternating 
with a slight overlap. The buck stage, which operates at twice the push-pull frequency, controls the output voltage. 
Continuous output current from the push-pull stage requires minimal filtering, and low push-pull switching losses and 
matched synchronous-rectifier loading achieve high efficiency. 



The push-pull overlap time is necessary 
to guarantee that there will always be a 
current path for the inductor current, 
even during the transition times between 
the push-pull switching events. Having 
no overlap time would require exact si- 
multaneous switching between the push 
and the pull outputs, which is impracti- 
cal, Further, a disruption in the current- 
source path during the switching event 
would result in a large voltage increase to 
the switching-device avalanche voltage. 

Figure 3 shows the push-pull drain 
waveforms and the buck-stage switching 
node, V sw . The overlap time is indicated 



NOTES: 

TRACE 1- PUSH-PULL 
TRANSFORMER SIDE A. 
TRACE 2: PUSH-PULL 
TRANSFORMER SIDE B. 
TRACE S-. BUCK-STAGE 
SWITCHING NODE. 
V m =60V. 
V«,t=2.5V. 
. 20A. 



when both drains are low. The figure also 
shows the operation of the buck stage, 
which operates at twice the frequency of 
either the push or the pull switching de- 
vices. Operating the transformer with 
both primary windings active during the 
brief overlap time does not present a 
problem for either the current source or 
the transformer. When both windings are 
active, the MMF (magnetomotive force) 
of the transformer breaks down, and the 
impedance on the V r , node decreases to- 
ward zero. At that time, the inductor 
source current divides approximately 
equally between the primary windings. 
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THERE IS AN OVERLAP TIME 
AT WHICH BOTH THE PUSH 
AND THE PULL SWITCHES ARE 
ON. THIS OVERLAP IS REQUIRED 
TO MAINTAIN THE INDUCTOR 
CURENT PATH. 




Figure 3 



Switching waveforms for cascaded buck and push-pull power c 
indicate an overlap time when both drains are low. 



designfeature .Cascaded power converters 



Some switching-loss reduction occurs in 
the push-pull stage when a power con- 
verter is configured as a current-fed con- 
verter, because device-switching loss re- 
quires the presence of both voltage and 
current. 

Figure 4 shows the drain voltage and 
current for the push-pull devices. Cur- 
rent transitions occur in 50% increments 
from 100 to 50 to 0%; at the overlap time, 
when both devices are on, each de- 
vice carries half the current. An in- 
teresting benefit of this situation is that 
for a given turn-on or -off event, voltage 
is present across the switching device for 
only 50% of the current transition. The 
portion of the switching event with zero 
voltage across the device results in great- 
ly reduced switching losses. Also impor- 
tant, the off-state voltage stress on the 
push-pull devices ii V oin -*N*2 (ignoring 
leakage-inductance spikes) for all input 
voltages. The buck stage essentially acts 
as a preregulator for the push-pull stage. 
This preregulation allows the use of low- 
er voltage devices than when you use a 
conventional push-pull power converter, 
whose primary switching devices see off- 
state voltage stresses of V 1X *2. 

The current-fed push-pull approach 
yields the greatest benefit in low- voltage, 
high-current applications. In these appli- 
cations, losses in the secondary rectifica- 
tion dominate the power-loss budg- 
et, and optimized synchronous 
rectification is mandatory to achieve high 
efficiency. The first topology benefit for 
the synchronous rectifiers is that, unlike 
other topologies, the off-state voltage 
stress on the synchronous rectifiers is 
minimized to V OUT *2 throughout the en- 
tire input-voltage range. For the same rea- 
son, the buck stage acts as a preregulator, 
reducing the input voltage to the push- 
pull stage, V rt . This reduced voltage stress 
allows the use of low-voltage, ultralow- 
on-resistance devices to implement the 
synchronous rectifiers. Another topology 
benefit of using synchro- 
nous rectifiers is that each 
device continuously oper- 
ates at almost 50% duty cy- 
cle for all line and load con- 
ditions, ensuring that the 
devices will share an equal 
thermal load. Both of these 
benefits either allow the use 
of smaller, less expensive 
devices or greatly increase 
performance. 




Figure 4 



Drain voltages and currents for the push-pull devices indicate that current transitions occur in 50% 
increments, from 100 to 50 to 0%; because of the overlap time when both devices are on, each 
device carries half the current. 



NOTES: 

CHANNEL 1=SYNC1 V D 
CHANNEL 2=5YNC2 V D 
V IN =48V. 
V 0UT =2.5V. 
'out - 20A. 
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Figure 5 



Synchronous rectifiers need to operate with dead time between the switching transitions. If they 
were both on at the same time, excessive current would flow form the output capacitor. 



Table 1 compares the synchronous- 
rectifier stresses for a representative 3,3V- 
output power converter using forward, 
conventional push-pull, and current-fed 
push-pull topologies. The current-fed 
push-pull synchronous rectifiers have the 
lowest operational voltage stress. Each of 
the two rectifiers devices operate for 50% 
duty cycle for all line-input voltages, 
guaranteeing equal thermal loading and 



no requirement to overdesign the devices 
for varying operational duty cycles. 

Figure 5 shows the synchronous-rec- 
tifier V us waveforms for a 2.5V-output 
current-fed push-pull. Note that the syn- 
chronous rectifiers must operate with 
dead time between the switching transi- 
tions. If they were both on at the same 
time, excessive current would flow from 
the output capacitor. You can configure 





3N OF SYNCHRONOUS-RECTIFIER STRESSES 


Topology 


Rectifier-voltage stresses 


Example: 3.3V out, 
35 to 80V input (V) 


Example: assumptions 


Forward 




20 


High line with 4~to-l transformer ratio 


Cascaded push-pdl 


Vour*2 


26.7 
6.6 


High line with 6-to-l transformer ratio 

All line conditions with 6-to-l transformer ratio 


Topology 


Rectifier current ratios 


Example: 3.3V out, 
35 to 80V input (%) 


Example: assumptions 


Forward 


WD and W*(T-D} 


16/84 


Ratio at high line 


Push-pull 


50%»I WI 


50 


All line conditions 


Cascaded push-pull 


5Wo*l OUT 


50 


All tine conditions 
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the sync rectifiers in a 
control-driven man- 
ner using the inverted 
control signals from 
the push-pull stage 
shown in Figure 2. 

The current-fed 
push-pull topology 
provides tighter volt- 
age cross regulation 
for multiple output 
applications. Unlike 
the forward and con- 
ventional push-pull 
topologies, which are 
also in the buck fami- 
ly, the current- fed ap- 
proach offers out- 
standing cross-regula- 
tion and transient 
properties at reduced 
cost and complexity. 
The individual induc- 
tor for each output in 
the forward topology 
causes mismatching 
on cross-regulation 
and tends to isolate the 
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The buck-stage output of this cascaded half-bridge power converter is configured with an output 
inductor and a set of capacitors, which act both as an output capacitor for the buck stage and as 
voltage divide-by- 2 for the half-bridge stage. 



Figure 6 
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The buck-stage output inductor in this cascaded, full-bridge power converter defines the approach as current-fed. 
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outputs from one another. Although 
coupled inductors can help, many sec- 
ond-order difficulties remain. With the 
current-fed approach, all of the outputs 
share a single inductor on the primary 
side. Further, with the inductor located 
on the primary side, there is a reduction 
in high current connection and I J *R loss- 
es. This single-inductor approach results 
in cross-regulation and transient per- 
formance more like a flyback topology. 
The current-fed topology offers excellent 
cross-regulation during transient events; 
the output capacitors of all the outputs 
are essentially in parallel and act to sup- 
ply additional transient energy when 
necessary. 

The continuous operation of the push- 
pull isolation stage optimizes the trans- 
former-core usage and provides equal 
power dissipation among the primary 
and secondary switches. A push-pull 
transformer operates in two quadrants of 
the flux density/magnetizing force (BH) 
curve and can be half the size for a given 
power of a transformer operated in a sin- 
gle quadrant. 



You can extend the cascaded approach 
to half- and full-bridge power converters. 
Both the half- and full-bridge approach- 
es contain the buck-stage preregulator 
cascaded with an isolation/step-down 
transformer. Figure 6 shows a cascaded 
half-bridge power converter. The buck- 
stage output is configured with an out- 
put inductor and a set of capacitors, 
which act both as an output capacitor for 
the buck stage and a voltage divide-by-2 
for the half-bridge stage. The inclusion of 
these capacitors defines the approach as 
voltage-fed. The advantages of the half- 
bridge over the push-pull approach are 
a factor-of-2 peak-voltage reduction of 
the primary switching devices and more 
room in the transformer-winding win- 
dow area, because there is only a single 
primary winding. The drawbacks are the 
added complexity of the transformer 
high-side gate driver and the addition of 
the voltage-splitter capacitors and a small 
output inductor. 

Figure 7 shows a cascaded, full-bridge 
power converter. The buck-stage output 
inductor defines this approach as cur- 



rent-fed. The four primary transistors are 
driven diagonally at just over 50% duty 
cycle. In this manner, overlap is realized 
at the transitions necessary for a current- 
fed approach. The current-fed full-bridge 
finds use in the higher power levels. The 
advantages are similar to those of the 
half-bridge except that the current per 
primary switch is half that of half-bridge 
approach. The drawback is the added 
complexity of the two high-side gate 
drivers. However, modern integrated 
gate-driver/level-shifter devices have 
driven down the cost and complexity 
issues for high-side gate drive. □ 
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